In a grazing incidence X-ray diffuse scattering investigation of boron implanted silicon we have discovered narrow intensity streaks along <111> directions. From a detailed analysis of three dimensional reciprocal space maps clear evidence is found that the rodlike scattering is due to extrinsic stacking faults with an avarage diameter of 71nm, formed in the implanted layer after rapid thermal annealing. At the same time nanometer sized features appear at the Si surface which are characterized by atomic force microscopy and specular reflectivity measurements.
INTRODUCTION
The motivation for this study is the need to understand the enhanced diffusion of dopant atoms in ion implanted and annealed silicon. The dopant diffusion due to defects introduced by ion implantation can be orders of magnitude greater than bulk diffusion and limits the ability to fabricate shallow junctions for current and especially future ultra large scale integrated circuit transistors. A thorough understanding and characterization of the point defects and point defects clusters introduced by the implantation and subsequent annealing is crucial for understanding and perhaps controlling what is referred to as the phenomenon of Transient Enhanced Diffusion (TED) [1] . Here X-ray diffuse scattering at grazing incidence has been applied to study these defects.
EXPERIMENTAL
It is well known that the x-ray diffuse scattering [2] in the Bragg tails (Huang scattering) and the weak diffuse intensity [3] in between Bragg peaks ("Zwischenreflexstreuung") can give direct information on point defects and point defect clusters. In the present study we have employed x-ray diffuse scattering close to the Bragg peak to study the formation of defects introduced after annealing ion implanted silicon. The crystal used in our studies was prepared as follows. Floating zone dislocation-free silicon crystals were cleaned and implanted with a high Boron dose at 32 keV. The wafers went through Rapid Thermal Annealing (RTA) for 10 sec at 1070 °C in order to dissolve the implant damage and to locate the Boron predominantly in substitutional sites.
Since the implanted layers extend about 2000 Å from the crystal surface we use near surface sensitive grazing incidence geometry to measure the diffuse x-ray scattering 3 around the Bragg peak in three dimensional reciprocal space. The grazing incidence arrangement [4] restricts the x-ray penetration and suppresses bulk scattering. The diffracting planes are normal to the (001) crystal surface. Both radial and angular scans were taken around the (220) Bragg peak using a position sensitive detector for efficient data collection in the region around the Bragg peak. Besides the implanted specimens the x-ray diffuse scattering was also measured for pure untreated floating zone silicon. The comparatively small thermal diffuse background scattering from the untreated crystal was subtracted from the implanted samples before analyzing the defect induced diffuse scattering .
DIFFUSE SCATTERING AROUND BRAGG PEAKS IN GRAZING INCIDENCE.
The intensity contours of diffuse scattering parallel to the surface plane around the ( obvious asymmetry in the intensity on the high angle as compared to the low angle side will be explained elsewhere. The inset in Fig. 2 shows a q z intensity cut through reciprocal space as indicated, demonstrating the narrow width of the streak. The full line in the inset is a fit to the data points and will be discussed in another publication. In order to analyze this unexpected feature in more detail, we have investigated the dependence of the streak intensity as a function of q 111 . Fig. 3 shows that over a wide range a q -2 law is found which is expected for Huang scattering. The streak intensity distribution [3, 5] Fig.3 ). The width of the intensity distribution perpendicular to the rods reflects directly the size of the stacking faults. From a fit (see inset in Fig.2 ) using the shape function of a disk (Bessel function) we obtain a stacking fault diameter of 71nm. This is roughly in the range of stacking fault sizes observed in cross-section TEM on a similar sample.
Finally, we have investigated the implanted Si surface by atomic force microscopy after the RTA treatment. Fig. 4a shows the dome like structures with a diameter and height of about 3.5nm, which are not present if the pure Si material is RTA treated in the same way. We have performed x-ray specular reflectivity measurements to study the surface density profile. In Fig. 4b the experimental results are shown together with a fit using the Parrat formalism and the density profile given in the inset. Averaging over the 5 nanostructures shown in Fig. 4a the surface layer can be approximated by a density gradient, with decreasing density as the surface is approached and a thickness of 2.5nm.
SUMMARY AND CONCLUSIONS
In the design and fabrication of modern integrated circuits extensive use is made of computer codes both in the design of circuits and the processes necessary to implement these designs in silicon [6] . Since ion implantation is ubiquitous in the fabrication of basic transistor structures, it is important that defects and dopant motion introduced by ion implantation be thoroughly understood. Much of our understanding of the implantation process has been derived from simulation studies [7, 8] q z "slice" 
